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DISCUSSION

On a ‘metastable’ plasma
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Abstract. Attention is drawn to the insufficient validity of a
number of conclusions concerning the fundamentals of statis-
tical physics made in a paper of A M Tkachev and S I Ya-
kovlenko [Quantum Electron. v.30 p.1077 (2000)].
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The authors of recent paper [1] claim that paper [2] can be
considered as the first experimental demonstration of a
metastable state of a supercooled plasma, which they theo-
retically predicted earlier. In our opinion, such a statement
is not adequately justified for reasons that have been alrea-
dy partially discussed in Ref. [3]. It was noted in Ref. [3]
that the theoretical interpretation of the numerical experi-
ments mentioned in Ref. [1] does not require at all the
rejection of the principle of detailed balancing and a radical
revision of other fundamentals of physical kinetics and sta-
tistical mechanics.

Recall in this connection that the fact of the existence of
different metastable states is well known [4] and does not
suggest that the fundamentals of statistical physics or quan-
tum mechanics should be revised. The phase transitions and
metastable states in a nonideal plasma have been studied by
various authors in many papers (see, for example, papers
[5—8] and references therein). In particular in Ref. [8], the
nature of the anomalous long lifetime of a condensed exci-
ted state at high excitation levels related to the collective
suppression of recombination was discussed.

The authors of Ref. [1] do not cite in their papers the
studies [5—8], and in fact treat metastability’ as a decrease
in the recombination rate compared to the rate determined
by the known expression for three-body recombination [9].
They not only never mentioned about the simulation of
recombination in a plasma with parameters corresponding
to the experimental conditions [2] but emphasised instead
that to observe the recombination delay, it is reasonable to
consider a system of heavy charged particles because the
observation of such effects in an electron—ion plasma is
problematic.
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However, in the case of charge particles with close mas-
ses, the effect of elastic reflection from walls preventing the
plasma expansion becomes substantial under the conditions
of the model [1], when the mean free path of the particles in
volume processes proves to be comparable with the distance
between the walls or greater.

This circumstance was considered in Ref. [3], where it
was shown that the interaction of a pair of Coulomb par-
ticles with walls results in their distribution over the total
energy in the centre-of-mass system, which corresponds to a
microcanonical ensemble and substantially differ from the
Boltzmann distribution. In addition, the distribution of the
particles over their kinetic energy in the laboratory coor-
dinate system resembles the Maxwell distribution. Relax-
ation to the equilibrium in such an ensemble occurs during
approximately ten collisions with the walls, the relaxation
being predominantly determined by recombination or ion-
isation, depending on the type of the initial nonequilibrium
distribution.

It follows from these results that the interpretation of the
behaviour of an ensemble of particles within a limited vo-
lume should take into account the role of reflections from
the walls, which can affect both relaxation of the medium
and the shape of the equilibrium distribution. Otherwise, the
explanation of the results of numerical simulations within
the framework of the accepted fundamentals of statistical
mechanics can indeed involve difficulties. In our opinion,
the authors of Ref. [1] encountered such difficulties in their
previous papers, where they have considered ‘the metastable
state’ only in volume processes, without specifying the
corresponding metastable phase, which is in the equilibrium
with the mirror-reflecting walls of the limited volume, and
without determining the critical nuclei of this phase (hetero-
phase fluctuations) which are dynamically unstable in the
metastable phase volume.

The statement of the authors of Ref. [1] that ‘the expo-
nential decay of the distribution of electrons over a total
energy in the region of large negative energies results in a
substantial delay of recombination’ sounds strange, because
the electron distribution function at the initial moment is
assumed zero in this region. The references to the invariance
of the Gibbs entropy (the mean logarithm of the total dis-
tribution function), which supposedly prevents the recombi-
nation, or to Ref. [10] where the point of view presented in
Ref. [1] was supported, are also inconclusive, because the
question remains open why such arguments are not valid for
all other known phase transitions or metastabilities.

In experimental paper [2], nothing is told about ‘meta-
stability’, but the authors point out that the observed long
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lifetimes of an ultracold plasma obtained by them are ‘the
first distinct evidence’ that the theory of three-body recom-
bination and its generalisation [11] cannot be applied to the
experiment conditions [2]. Note in this connection a sub-
stantial circumstance, which was ignored in Refs [1, 2], that
the expression for three-body recombination [9] is initially
invalid for plasma parameters reported in Refs [1, 2] be-
cause it predicts the recombination times as short as, for
example, 0.5 fs and 2 ns, during which electrons can pass
only over a small part of the distance between ions.

This also means that the use of the expression for three-
body recombination at low temperatures beyond the limits
of its formal applicability gives the overestimated recombi-
nation rates compared to the rates that should be obtained
from experiments or a correct theory. In this case, it seems
that there is no point in assigning any physical meaning to
such ‘a recombination delay’ because this ‘effect’ is caused
by the violation of approximations and assumptions adop-
ted in deriving the corresponding expressions. Unfortunat-
ely, the authors of Ref. [1] not only do not point out the
theoretical limits of the applicability of the formula for
three-body recombination from Ref. [9] but pay no atten-
tion to their existence at all, by using this formula well
beyond the limits of its physical meaning, making no diffe-
rence from the case considered by them earlier.

The above comments dot not exclude, of course, the
possibility of the efficient use of numerical solutions of the
Newton equations for a system of Coulomb particles, both
for analysis of methodical questions and comparison with
the corresponding experimental data. In particular, the
agreement of the results of numerical simulation [1] with
the lifetime of a plasma bunch measured in Ref. [2] does not
contradict to the possibility of a classical description of
some properties of plasmas. At the same time, the influence
of radiation in the model of classical particles, which was
neglected in Ref. [1], can substantially change the trajecto-
ries of the particles [12] and all the conclusions related to
this circumstance.

Various approaches based on the classical model of a
Coulomb plasma have their regions of applicability and
their limitations, which should by correctly taken into ac-
count in the interpretation of the results of numerical simu-
lations in order not to revise needlessly the fundamentals of
statistical physics.
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